The purpose of this study was to design a better craniofacial classification system for bony deformities in patients with hemifacial microsomia than the existing ones. It was meant to incorporate the deformity of the craniofacial skeleton other than that of the mandible. The "Mandibular Deformity Scoring" System (MDS), the "Cranial Deformity Scoring" System (CDS), the the "Craniofacial Deformity Scoring" System (CFDS) are three newly developed classification systems, which are based on three-dimensional computed tomography (3-D CT) reconstructions. The size and shape of the craniofacial structures of 34 children, 25 with hemifacial microsomia and 9 with minimal dysplasia or trauma, were determined from CT scans, using 3-D image segmentation and rendering. Contiguous 1.5-mm CT scans were made using a Philips Tomoscan 350 and were processed using a Cemax 
I
n hemifacial microsomia (HFM), the major deficiency is seen in the mandible, but other craniofacial bony structures can be involved as well. Different systems have been developed to classify the skeletal deformity in HFM. [1] [2] [3] [4] [5] [6] [7] Pruzansky 1 developed a classification system that is restricted to mandibular deformity, and that divides patients with HFM into three classes. Kaban 2 extended the Pruzansky classification system by subdividing grade II of Pruzansky into grade IIA and IIB, on the basis of the difference in treatment and surgery of both types.
The classification system of Harvold et al. 3 is based on the presence or absence of critical structures of the mandible, and is also related to treatment and surgery.
Munro and Lauritzen 4 developed an anatomical-surgical classification, which divides patients with HFM into five groups to facilitate surgical treatment planning.
David et al. 5 developed the SAT classification, which scores the Skeletal, Auricular, and soft-Tissue deformities.
Vento et al. 6 combined skeletal and soft-tissue involvement in their OMENS classification system, the five major craniofacial manifestations in HFM: Orbit, Mandible, Ear, facial Nerve, and Soft tissue.
Horgan et al. 7 expanded the OMENS classification to OMENS-Plus (+), to designate the presence of associated extracraniofacial anomalies, such as malformations in the central nervous system, skeletal, and cardiac systems.
By using three-dimensional computed tomographic (3-D CT) image segmentation and imaging (Fig 1) , accurate display and assessment of all craniofacial bony structures is possible. [8] [9] [10] [11] [12] Using threedimensional CT imaging, the shape, [13] [14] [15] [16] linear measurements 17, 18 and volumetric measurements 19 of craniofacial bones were described.
Because none of the known classification systems [1] [2] [3] [4] [5] [6] [7] is designed to incorporate the wide variety of deformity that can be assessed by using 3-D CT imaging, a new bone scoring system had to be developed.
The aim of this study was to design a classification system that incorporates the deformity of not just the mandible, but also includes other craniofacial bony structures. The insufficiency of the Pruzansky 1 /Kaban 2 classification system was examined, to substantiate the need for a new classification system.
MATERIALS AND METHODS

T
he study group consisted of 25 children with HFM and 9 control children. The individuals underwent a volumetric CT scan with 1.5-mm contiguous scans, using a Philips Tomoscan 350 (Philips Medical Systems, Eindhoven, the Netherlands). Three-dimensional images were reconstructed on a Cemax 1500X 3-D workstation (Cemax-ICON, Fre- mont, CA), and the interactive technique of ''disarticulation'' 16 was used to create separate images of the mandible and the cranium.
For bone segmentation, the lower threshold used was +160 Hounsfield Units (HU), and the upper threshold was +3.095 HU.
In this study, a field of view of 20 cm was used with a 256 × 256 image matrix.
All 3-D images were viewed by two observers, who scored the presence of the wide variety of deformities. This activity was repeated to assess the precision of the scoring system, and in two patients the scores were compared with 3-D stereolithographic models to assess the accuracy, using the models as a criterion standard. These models are a realistic spatial representation, in contrast to the 3-D images with their surface shading. The patients with HFM had mandibular deformations according to the Pruzansky 1 /Kaban 2 classification system grade 0 (n = 3), grade I (n = 9), grade IIa (n = 3), grade IIb (n = 3), and grade III (n = 7). The control group included children with minimal fronto-naso-ethmoidal dysplasia or trauma without mandibular and craniofacial skeleton involvement. All nine control patients had mandibular deformity grade 0, according to the Pruzansky 1 /Kaban 2 classification system. A classification system was developed in which the Pruzansky 1 /Kaban 2 classification system was integrated with a system for all involved craniofacial bony structures, called the Craniofacial Deformity Score (CFDS). A classification system based on morphological features was chosen, because of the objective character of this system.
The CFDS can be subdivided into a score for the mandible, called the Mandibular Deformity Score (MDS), and a score for the other craniofacial bones, called the Cranial Deformity Score (CDS). Bony structures that were assessed with the MDS are the mandibular body, gonial notch, ramus, condyle, coronoid process, and temporomandibular joint (Table 1) . Bony structures that were assessed with the CDS are the maxilla, presence of a maxillary cleft, malar bone, maxillary and temporal processes of the zygomatic arch, temporal fossa, orbit, pterygoid processes, foramen magnum, and the calvarium ( Table  2) .
The data were analyzed using the SPSS (package) 7.5.3 (SPSS Inc., Chicago, IL) for Windows 95. 20 The statistical analysis consisted of descriptive statistics, of reliability analysis, and of stepwise regression analysis. The standard error of measurement was estimated on the basis of 34 repeated determinations.
The Pearson product moment correlation coefficient was used to estimate the correlations between the Pruzansky 1 /Kaban 2 classification system, the CFDS, MDS, and the CDS.
A stepwise multiple regression analysis was performed with the CFDS, the MDS, the CDS, and the Pruzansky 1 /Kaban 2 classification system as dependent variables and with the craniofacial bony structures as potential predictors.
The CFDS contains the sum of the classification scores of the MDS and the CDS.
RESULTS
A
classification system was developed in which the Pruzansky 1 /Kaban 2 classification system was integrated with a system for all involved craniofacial bony structures, called the CFDS.
The interobserver reliability analysis was performed. Based on the results for two observers, the standard error of the measurements and the reliability for a single observer were estimated, which were then used to calculate a 95% confidence interval (0 ± standard error of the measurements × 1.96).
The results of the interobserver reliability analysis are shown in Table 3 .
The accuracy of the deformity classification technique resulted in exactly the same classifications as in the criterion standards. Therefore, the accuracy was 100%. The maximum score of the MDS is 16.
SIZE AND SHAPE OF CRANIOFACIAL SKELETON USING 3D CT / Huisinga-Fischer et al
Using the Pearson product moment correlation coefficient, the Pruzansky 1 /Kaban 2 classification system and the MDS demonstrated a correlation coefficient of 0.914 (P < 0.05), shown in Table 4 .
The correlation coefficient of the Pruzansky 1 / Kaban 2 classification system and the CDS was 0.605 (P < 0.05), and the correlation coefficient of the MDS and the CDS was 0.738 (P < 0.05).
Using a stepwise multiple regression analysis, with the Pruzansky 1 /Kaban 2 classification system as dependent variable, only the condyle was identified as predictor and with the CFDS as dependent variable, the largest contributions were made by the mandibular ramus and the temporal process of the zygomatic arch. Using a stepwise multiple regression analysis, with the MDS as dependent variable, the largest contribution was made by the temporomandibular joint, whereas with the CDS as dependent variable, the largest contributions were made by the calvarium and the temporal process of the zygomatic arch. All identified predictors are shown in Table 5 .
In the HFM group the CDS, MDS, and CFDS ranged from 0 to 12, 14, and 26, respectively. The CFDS of the complete control group demonstrated a value of 0.
Only in patients with Pruzansky grade 0 or I did the orbit, mandibular ramus, or condyle have a normal appearance. However, also in patients with Pruzansky grade II or III, the coronoid process, mandibular body, or zygomatic processes could have a normal appearance.
An overview of the HFM group with respect to the Pruzansky 1 /Kaban 2 classification system, MDS, CDS, and CFDS is shown in Table 6 .
DISCUSSION
C lassification systems can be based on different philosophies, such as embryological development, morphological features, treatment objectives, and pathogenic function. Using the morphologically based classification system, anatomical components can be analyzed independently, to assess possible relationships between the involved structures. Such a classification system is objective, expansion is possible, and modifications are easy. Furthermore, the data are expressed in a numeric scale, which is useful The reliability is the proportion of true variance used to calculate the standard error of measurements.
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for analyzing data sets. The goal of the treatment of patients with HFM is to improve mandibular function and to restore craniofacial symmetry. Improvement of the function of the mandible means that reconstruction of the mandibular ramus, of forming an articular fossa, of bone lengthening by gradual distraction, and of restoration of the dental occlusion is intended. To improve craniofacial symmetry, osseous and soft-tissue contour corrections can be carried out. Treatment and success of treatment depend on the severity or the lack of bony and soft tissues. Preference is given to the MDS, because it is more precise and has a continuous scale.
The presence of a gonial notch in patients with Pruzansky class III is not a valid criterion in children, because the ramus is almost completely absent, and, 19 assessed the quantitative bony hypoplasia by calculating the volumes of the different craniofacial bony structures, after isolating them digitally (segmentation) on the basis of the scan data. However, there is no indication of treatment modalities on the basis of bone volume per se. In this study, segmentation of bony structures was performed along suture lines, viewing the skull from several angles. To determine the exact boundaries of bony structures and to divide the mandible at the symphysis exactly into two hemimandibles is very difficult and in some cases, when the suture lines are not located perpendicularly to the scan plane, even impossible, because of partial volume defect (slice thickness is thicker than the suture thickness).
Note patients 11 and 12 in Table 6 , who have high CFDS in relation to their Pruzansky 1 /Kaban 2 classification, because of high CDS (a lot of craniofacial bony structures other than the mandible are affected in these patients). In contrast to patients 19 and 20 in Table 6 , who have a low CFDS in relation to their Pruzansky 1 /Kaban 2 classification, hardly any craniofacial bony structures, except for the mandible, are involved in these patients.
Estimation of the CFDS accuracy was assessed by using the interpretations of the craniofacial bones by 3-D CT scans and by laser-stereolithographic 3-D models. The comparison of 3-D images and the models showed differences in terms of the CFDS because of misinterpretations of the 3-D images, such as those that are the result of the hiding of particular areas containing details of interest in shaded parts of the reconstructed surface. Shortcomings of the scan technique itself cannot be assessed as they are present in both (virtual and solid) visualization techniques.
The surplus value of the new CFDS is that by determination of the complete craniofacial bony hypoplasia, a better clinically relevant classification system is developed.
CONCLUSION
None of the known systems developed to classify skeletal deformity in HFM are sufficiently detailed when compared with the extensive new information that can be obtained by 3-D CT imaging. With our new method and the newly introduced CFDS, the size and shape of the craniofacial skeleton in HFM can be scored. The CFDS proved to be accurate and reproducible. The new CFDS and MDS demonstrated high correlations with the known Pruzansky 1 /Kaban 2 classification system (Figs 2-5 ). Because the Pruzansky 1 /Kaban 2 classification system provides an inadequate predictive value for the development of the cranial bony structures (not directly related), the CDS system must be seen as an extension of the Pruzansky 1 /Kaban 2 classification system. In this study as expected, the entire control group did not have any malformation of the craniofacial bony structures, which were included in the CFDS.
The largest contributions to the CFDS were made by the mandibular ramus and the temporal process of the zygomatic arch, and the largest contribution to the MDS was made by the temporomandibular joint. The largest contributions to the CDS were made by the calvarium and the temporal process of the zygomatic arch. The CFDS-(CDS + MDS) is useful for evaluating the extent and progression of an abnormality, for planning surgical intervention and for evaluating treatment outcome.
The authors acknowledge the support of Philips Medical Systems Nederland B.V., and that of Cemax-ICON. 
